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Abstract 
 
In order to be competitive and to meet global brand’s printing 
requirements, conventional printing is increasingly moving toward 
standardization. The principal international standard for offset printing is defined 
ISO 12647-2. The latest revision of ISO 12647-2 (2013) includes ∆E00 as the 
tolerance metric for deviation assessment, as the traditionally utilized ∆E*ab lacks 
visual uniformity. However, the tolerance value for ∆E00 from ISO 12647-2 (2013) 
is informative only. In addition, there is no justification given for how the 
published ∆E00 values were derived.  
This research devised a method that uses the %Pass approach in a 
database to determine the equivalent tolerances between ∆E*ab and ∆E00 and to 
examine the merit of setting equal or unequal ∆E00 tolerances among CMYK 
solids. The findings indicate that (1) equal %Pass will result in unequal ∆E*ab-to-
∆E00 tolerances, (2) ∆E00 tolerance for K solid does not have to be larger than 
Cyan and Magenta solids, and (3) ∆E00 tolerance for Yellow solid can be smaller 
than Cyan and Magenta solids.  
Printing standardization and certification bodies are encouraged to apply 
the methodology with larger databases, including non-conforming jobs, to assess 
the performance of current printing specifications in the graphic arts industry. 
Their findings are the best impetus for future revision of printing standards.
 1 
Chapter 1 
Introduction  
 
Currently, the commercial lithographic printing industry is significantly 
influenced by a number of factors which have affected process color workflows. 
These factors include an increasing production of printed products and higher 
demand for print quality from print buyers today than in the past. The demand for 
quality is an important factor because finished printed products are often 
assembled from a variety of press runs. These printed products may have been 
printed at different times, in different places, and with different data collected 
from different measurement instruments. It is not uncommon for print jobs to be 
the end product of several individual press runs; at times, these runs may even 
come from different countries. Furthermore, images are frequently repurposed 
across different jobs, and the print buyer expects them all to match. In addition, 
print buyers want the flexibility to source jobs among printers globally.  
In order to ensure quality control, the deviation, the within-run variation, 
and production variation during the printing process should be measured 
accurately and precisely.  This level of quality control leads to an increased 
reliance on industry specifications and standardization initiatives for process 
control. Printing companies are increasingly dependent on relevant standards to 
better satisfy their customers with the concurrent goals of increasing productivity 
while reducing waste and spoilage.  
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Problem Statement  
The International Organization for Standardization (ISO) printing 
standards—e.g., ISO 12647-2 Graphic technology – Process control for the 
production of half-tone color separations, proof and production prints – Part2: 
Offset lithographic processes—have been widely accepted by the printing 
industry. Kraushaar (2013) states, “ISO 12647 is without question the most 
popular family of standards within the graphic arts industry.” (p. 1) ISO printing 
standards are also adopted by thousands of printing manufacturers in 
conformance with well-defined color reproduction specifications. Chung (2014), 
states that the requirements in ISO 12647-2 include (a) all characteristics 
relevant to the aspects of the products, (b) the required limiting values, (c) a 
reference to the test method or the test method itself, and (d) sampling. In 
regards to limiting values, ISO 12647-2 (2013) uses CIE1976 (ΔE*ab) as the 
tolerance metric to define acceptability. The CIELAB color space was developed 
by CIE as an approximation of uniform color space in 1976. The Euclidean 
distance in CIELAB color space, for instance, ∆E*ab metric, provides a 
quantitative way to define color differences.  
Limitations in ∆E*ab have been gradually recognized by the graphic arts 
industry. Visual uniformity of color differences was optimized further by the 
introduction of a new color difference formula CIEDE2000 (∆E00). Chung and 
Chen (2011) state: “Due to the fact that ∆E*ab lacks visual uniformity, ISO/TC 130 
decided to use E00 metric.” (p. 1) The CIEDE2000 tolerance method is widely 
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recognized as a superior method for describing color difference, and provides a 
better correlation between the perceived color difference and color difference as 
measured by an instrument than does ∆E*ab.  
In its revision, ISO12647-2 (2013) continues to use ∆E*ab as the normative 
parameter with ∆E00 as the informative parameter. For example, the cyan solid 
coloration of 3.5 ∆E00 is equivalent to 5 ∆E*ab. However, Cheydleur (2013) states 
that “…aims and tolerances for ∆E00 are still informative, even though this 
appears to go against an earlier ISO agreement to move to ∆E00 values 
normatively. ” (p. 1) In other words, there is no mathematic equivalency between 
the ∆E*ab and ∆E00 metrics according to ISO 12647-2 (2013). In order to better 
meet printing buyers’ needs, offset printing standards need to provide ∆E00 
tolerances as normative values. Thus, the primary research question in this study 
was, “What is the equivalency between ∆E*ab and ∆E00?” This question was 
addressed using a database to determine tolerance equivalency between ∆E*ab 
and ∆E00 metrics.  
 
Reason for Interest in the Study 
The graduate program at the Rochester Institute of Technology (RIT) has 
provided the researcher with an understanding of the current state of the printing 
industry and printing standardization. The researcher’s interest was motivated by 
her desire to pursue a career in the area of printing standardization. This project 
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offered the researcher a chance to study color management more in-depth, while 
investigating an area of value to the industry. 
 
Definition of Terminology 
 Several related terms are used throughout this research. The definitions 
are provided below. 
 
%Agreement: the same pass or fail outcome of a database based on the 
combination of two metric tolerances. It is an indication of the similarity between 
the two metrics.  
 
Conformity assessment: “demonstration that specified requirements relating to 
a product or process are fulfilled” (CGATS TR016, p.2). 
 
Color characterization: “relationship between input data values, typically 
CMYK, and color measured on the printed sheet, typically CIELAB data” (CGATS 
TR016, p.1). 
 
Deviation: “the color difference between the OK sheet and the reference 
characterization data set; deviation conformity is a verification of successful 
calibration whereby the deviation tolerance specifies the limits of acceptability” 
(CGATS TR016, p.1).  
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Printing process: “method by which images are transferred to a substrate such 
as paper, including but not limed to offset, gravure, letterpress, flexography, 
electrophotography, ink-jet, etc.”(CGATS TR016, p.1). 
 
Production variation: “the ability of a printing system to maintain consistency 
between the same color patches printed in the same locations of the sheet over 
the press run; variation is the difference between “production samples” and aim” 
(CGATS TR016, p.1). 
 
OK sheet: “production print singled out to be representative of the completion of 
the calibration process and used for deviation and within-sheet variation 
assessment” (CGATS TR016, p.2). 
 
Tolerance: “permissive or maximum allowed quantitative differences”(CGATS 
TR016, p.2). 
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Chapter 2 
 Theoretical Basis 
 
This chapter provides the theoretical basis required for undertaking 
research on generalized methods of metric conversion using a real database. An 
important and effective method of metric conversion in the printing industry is to 
use a suitable database. Chung, Urbain, and Sheng (2014) state, “in color 
printing, the specification of the tolerance may be based on perceptibility or 
acceptability. Perceptibility-based tolerance is generally too stringent to be 
applicable in printing. Acceptability-based tolerance, recognizing that the 
outcome still fits for intended use, is the right approach” (p. 2). In order to realize 
metric conversion, using a logic method is essential. Chung, Urbain, and Sheng 
(2014) provided a prescribed methodology to determine the equivalency between 
two different metrics with a printing database that included over 600 offset and 
digital passed and failed jobs. This method is illustrated graphically in Figure 1. 
Figure 1. A generic description of two tolerance metrics in a database 
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As shown in Figure 1, A, B, C, and D are deviation quantities of tolerances 
metric_1 and metric_2 in a database. Chung, Urbain, and Sheng (2014) found 
the percentage pass/fail (%Pass) of all jobs as a function of tolerance of the two 
metrics. Generally speaking, %Pass increases when the tolerance increases, 
and vice versa. Equations 1 and 2 of the %Pass of metric_1 and metric_2 based 
on Figure 1 are presented below. 
%Pass (metric_1) = (A+B) / (A+B+C+D)   (1) 
%Pass (metric_2) = (A+D) / (A+B+C+D)   (2)   
The following step in their research was to find the metric_2 that would 
yield the equal %Pass at the specified tolerance of metric_1. Hence, the metrics 
pair with the equal %Pass could be concluded. Lastly, the %Agreement between 
the metrics pair—for instance, both metrics pass or fail a given job—is calculated 
based on Figure 1 using Equation 3. Higher %Agreement value between two 
metric increases means the two metrics are similar. 
          %Agreement (metric_1 and 2) = (A+C) / (A+B+C+D)       (3) 
In summary, when deciding the tolerance for the new metric, Chung, 
Urbain, and Sheng considered the %Pass and %Agreement within a database 
on the basis of the principle illustrated in Figure 1. 
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Chapter 3 
 Literature Review 
 
This chapter reviews three key topics germane to the present study: 
quality control, printing conformity assessment, and printing databases. Relevant 
literature is reviewed and presented to support each of the three key areas. 
 
Quality Control   
Research involving quality control can be structured into two distinct 
domains: (1) general concepts of quality control, and (2) applied quality control 
practices in the printing industry. 
 
Quality Control in General 
Quality control in general can be traced to the work of Walter Shewhart. 
Shewhart’s Economic Control of Quality of Manufactured Products (1931) is 
considered to be the seminal work on the topic of quality and process control. 
Applying statistical concepts to the concept of manufacturing process control was 
central to his work. As the inventor of the control chart, Shewhart (1931) 
concluded that, while every process displays variation, some processes display 
controlled variation that is natural to the process, while others display 
uncontrolled variation that is not present in the process causal system at all 
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times. Shewhart, therefore, provided the foundation to all subsequent studies in 
the domain of process control. 
A printing textbook based on the concepts of Shewhart is Miles and 
Donna Southworth’s Quality and Productivity in the Graphic Arts (1989). The 
authors applied the concepts of Shewhart to printing quality control production. 
Although today's graphic workflows differ significantly from those outlined by 
Southworth and Southworth in the 1980s, many of their recommendations, such 
as optimizing process variability before controlling the process, how to determine 
variability, and so forth, are still relevant to printing process control. 
 
Quality Control in Printing  
The literature review will now turn to empirical research that examines the 
application of quality concepts in the printing industry. More recent studies 
involving quality and printing have focused on quality control in the printing 
industry. The quality of the print could be specified as the quality of the coloring, 
the range of tone values, or the precision and accuracy of the multicolor 
overprinting. Kipphan (2001) states, “…only measurability provides the possibility 
for objective and, to a certain extent, automated quality control in printing.” (p.99) 
When print can be measured in a quantitative way, print quality can then be 
controlled.   
This means that appropriate metrics and instruments are essential for 
metrological quality control. Therefore, quality-determining factors and industry 
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specifications are important for defining print quality, and printing quality control 
helps to address print buyers’ needs. Printers need to understand print buyers’ 
needs and to make quality adjustments in order to meet those needs.  
 
Color Management 
Color management is an essential step for measuring and managing print 
quality. The following sections discuss two aspects in color management: (1) 
CIELAB color space; and (2) the evolution of color metrics. 
 
CIELAB Color Space 
Fraser, Murphy, and Bunting (2003) indicated colorimetry is the core of 
color management, because colorimetry allows us to define color unambiguously 
as it will be seen by humans (p. 43). Currently, most colorimetry and color 
management system are based on the colorimetric system of Commission 
International d’Eclairage (CIE). The theory of colorimetry includes a standard 
illuminant, a standard observer, the CIEXYZ primary system, and a uniform color 
space, such as CIELAB or CIELUV. Field (2004) states, “The CIELAB color 
space has been widely adopted for surface color measurement applications” (p. 
47). The CIELAB color space—the most popular and currently the most 
important color space based on the complementary color theory—was developed 
by CIE in 1976. The Euclidean distance in CIELAB color space—the CIELAB 
DEab (ΔE*ab) metric—provides a quantitative way to compute color difference 
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between two samples. According to Kipphan (2001), “…the numerical value for 
the difference between two colors in a color classification system is usually 
indicated by Delta E (∆E)” (p. 73). Generally, the lower the ∆E value, the smaller 
the color difference. 
Kipphan (2001) also provides the following background: “The LAB color 
difference formula defined by the CIE in 1976 was primarily useful for 
standardizing the different LAB models that had already been developed over the 
years”(p. 74). CIELAB DEab (∆E*ab) is the distance between two points in a 3D 
space. CIE1976 (∆E*ab) is the CIE 1976 L*, a*, b*color difference, which uses the 
following equation: 
∆E*ab = √(∆𝐿)2 + (∆𝑎)2 + (∆𝑏)2   (ISO/DIS 13655, 2009)  (4) 
Where 
∆L*        is the lightness difference between specimen 1 and specimen 2; 
∆a*, ∆b*    are the differences of the CIE 1976 a* and b* co-ordinates, respectively. 
 
The Evolution of Color Metrics 
According to ISO12647-2 (2013), overall color difference is defined 
quantitatively using the ∆E*ab metric. However, since its introduction in 1976, 
limitations of ∆E*ab have been recognized by the graphic arts industry. In 
response to these limitations, ∆E00 was introduced and has been gradually 
adopted. Mathematically, ∆E00 is a rather complicated color difference equation, 
as shown below: 
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∆E00 = √(
∆𝐿′
𝐾𝐿𝑆𝐿
)2 + (
∆𝐶′
𝐾𝐶𝑆𝐶
)2(
∆𝐻′
𝐾𝐻𝑆𝐻
)2 + 𝑅𝑟(
∆𝐶′
𝐾𝐶𝑆𝐶
)(
∆𝐻′
𝐾𝐻𝑆𝐻
)   (ISO/DIS 13655, 2009) (5) 
 
Where 
∆𝐿′    is the transformed lightness difference between specimens 1 and 2; 
∆𝐶′    is the transformed chroma difference between specimens 1 and 2; 
∆𝐻′    is the transformed hue difference between specimens 1 and 2; 
𝑅𝑇 is the rotation function. 
𝐾𝐿, 𝐾𝐶, 𝐾𝐻   are the parametric factors for variation in the experimental conditions; 
𝑆𝐿, 𝑆𝐶, 𝑆𝐻   are the weighting functions. 
 
ISO/TC 130 graphic technology is a standardization body for terminology, 
test methods, and specifications in the field of printing and graphic technology, 
from job data to finished products. As stated in ISO/TC130 (2010), “ISO/TC130 
resolved to use CIEDE2000, where appropriate, for all new ISO/TC 130 
standards and revisions of existing standards”(p. 3). Compared to ∆E*ab, the 
CIEDE2000 tolerance method is widely recognized as a superior method for 
describing color difference. CIEDE2000 provides a better correlation between the 
perceived color difference (observer) and measured color difference (instrument).  
Since ∆E00 provides a better correlation between the perceived color 
difference and measured color difference, the standards community needs to find 
the tolerance equivalency between the ∆E*ab and ∆E00 metrics. Therefore, the 
objective of this research was to determine tolerance equivalency between the 
two different metrics.  
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Tolerance Metric Conversion 
The following sections discuss criteria pertinent to the metric conversion 
when there are two different metrics in three distinct domains. These include: (1) 
the setting of ∆E00, and (2) metric conversion between ∆E*ab and ∆E00. 
 
The Setting of ∆E00 Tolerance 
 In ISO 12647-2 (2013), tolerance is defined as the permissive color 
difference that determines whether a printed job passes or fails. To embrace the 
use of ∆E00 tolerance, CGATS TR016 (2012) specified color tolerances using the 
∆E00 metric, as shown in Table 1, as a normative requirement at multiple levels 
for dataset conformity assessment. 
Table 1. Deviation metrics and tolerances 
Solids 
(DE2000) 
Cyan Magenta Yellow Black 
Level A 1.5 2.4 
Level B 2.4 3.6 
Level C 4.0 6.0 
 
Within a real database with all jobs containing CIELAB values (L*, a*, b*) of 
the ISO 12642-2 characterization target, CGATS TR016 (2012) uses the 95th 
percentile of ∆E00 as the assessment criterion. As a result, deviation tolerance 
values for CMY solids at level A are 1.4, and for black solids are 2.4. At level B, 
deviation tolerance values for CMY solids are 2.4, and for black solids are 3.6. At 
level C, deviation tolerance values for CMY solids are 4.0, and for black are 6.0. 
The different levels represent different requirements for various printing products.  
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However, there are different ∆E00 tolerance values for CMYK solids 
provided by ISO. According to ISO 12647-2 (2007), the specific tolerance 
values—the maximum allowed quantitative differences—were chosen using the 
∆E*ab metric, with a value of 5∆E*ab recommended as the deviation tolerance for 
CMYK solids. The revision of ISO 12647-2 (2013) included ∆E00 as the tolerance 
metric for deviation assessment. The deviation tolerances for ∆E00 and ∆E*ab are 
shown in Table 2. 
Table 2. ISO 12647-2(2013) Solid Tolerances 
Solids Cyan Magenta Yellow Black 
∆E*ab 5 
∆E00 3.5 5 
  
 The ∆E00 deviation tolerance values for CMY solids are 3.5 ∆E00, and 
5∆E00 for K solids. As noted in ISO 12647(2013), tolerance values for ∆E00, are 
informative, and are not a normative requirement as are the ∆E*ab tolerance 
values. There is no explanation provided for how the published ∆E00 values were 
derived.  
 
Metric Conversion between ∆E*ab and ∆E00  
There are various ways to convert metrics, including computing the 
same %Pass and %Agreement in a real database, among other quantitative 
methods. Berns (2000) illustrates a method to convert an instrumental color 
tolerance from instrumental and visual historical data.  At the beginning, 
perceptibility judgments were made in which observers judged whether the color 
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difference between a sample and standard was smaller than or greater than the 
color difference of the anchor pair. For simplicity, the visual judgments in which 
the color difference was smaller than the anchor pair were called a “pass” 
judgment, while all other were called “fail.” The relationship between the 
cumulative pass/fail percentages and ordered color difference is shown in Figure 
2. 
 
Figure 2.  Color Difference vs. Cumulative number of observation 
 
As seen in Figure 2, the intersection of the two sets of data defines the 
optimized tolerance. Accordingly, the number of instrumental wrong decisions 
could be found from the optimized tolerance. Berns (2000) recommended a 
principle to define an optimized tolerance by the %Agreement value that yields 
the same value between %Pass and %Fail. Most importantly, Berns provided as 
a method to define a new tolerance value from an existing tolerance metric.   
Since the ∆E00 metric was introduced in 2000, several studies have been 
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conducted with the intention of converting color tolerances from ∆E*ab into ∆E00 
for CMYK solids. Rich (2010), in his research Mapping of ISO 12647 tolerances 
from CIELAB to CIEDE2000, developed a simulation routine that generated more 
than 4,000 data points around the ISO 12647 aims for cyan, magenta, yellow and 
black within a sphere of 5 CIELAB units. For each color in the CIELAB color 
space, a new color acceptance value was computed. As a result, Rich provides a 
range of ∆E00 that equate to 5 ∆E*ab for CMYK solids, not a single ∆E00 tolerance.  
Kraushaar (2010) computed both ∆E*ab and ∆E00 between ISO 12647-2 
colorimetric aims and 112 CIELAB measurements of CMYK solids from the 
Fogra database. Based on the cumulative relative frequency (CRF) of ∆E*ab and 
∆E00 and the same probability of passing, Kraushaar concluded that 2.6 ∆E00 
tolerance was equivalent to 5 ∆E*ab, but only for cyan solids. McDowell (2011) 
attempted to find the “best ratio” between ∆E*ab and ∆E00. However, the results 
indicated that there is no single ratio between ∆E*ab and ∆E00 metrics.  
A recent example of primary empirical research in this domain was 
conducted by Chung and Chen. In their research, Determining CIEDE2000 for 
Printing Conformance, Chung and Chen (2011) concluded that ∆E*00 
outperformed ∆E*ab for the evaluation of printed colors. To determine optimized 
∆E00 tolerances for CMYK solids according to ISO 12647-2, Chung and Chen 
attempted to determine ∆E00 tolerance of CMYK solids based on the fact that a 
tolerance of 5 ∆E*ab encompasses a group of (L*, a*, b*) values on the 
circumference of a circle with an Euclidean distance of five from the ISO aim for 
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CMYK, as shown in Figure 3.  
Figure 3. Samples with identical ∆E*ab but not identical ∆E00 values 
    
Chung and Chen concluded that a single ∆E*ab did not map to a single 
∆E00 when the ∆E00 values between the ISO aim and the group of (L*, a*, b*) 
values were calculated, as the ∆E00 values of those equal ∆E*ab points did not 
converge. The authors then used Bern’s method and a printing database of over 
2,000 printed samples to determine optimized ∆E00 by %Agreement. Since there 
is no obvious ratio between the two metrics, optimized ∆E00 tolerance would 
keep %Agreement values between two metrics as close as possible. The results 
of this research are shown in Table 3. 
  Table 3. Optimized ∆E00 tolerances corresponding to 5 ∆E*ab tolerances  
Solids Cyan Magenta Yellow Black 
∆E*ab 5 
∆E00 2.4 3.6 
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As shown in Table 3, Chung and Chen recommended the value of 2.4 
∆E00 for solid cyan, magenta, and yellow solids, and the value of 3.6 ∆E00 for 
black solids. Clearly, Chung and Chen’s research presents a slightly different 
conversion for the recommended ∆E00 deviation tolerance values as compared to 
ISO 12647-2 (2013).  
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Chapter 4 
Research Questions 
 
As indicated in the literature review, it is uncertain whether ∆E00 
tolerances, as published in ISO 12647-2, and 5 ∆E*ab yield the same pass 
percentage. This led to the research question, “How can we devise a method to 
study the pass/fail percentage of many jobs in a database using varying 
tolerances in ∆E*ab and ∆E00 metrics?” 
The focus of this research is to determine tolerance equivalency between 
∆E*ab and ∆E00. Optimized ∆E00 tolerances for CMYK solids were recommended 
by prior studies. However, there are no definite study on the ∆E tolerance values 
between ISO 12647-2 and previous studies. Therefore, the first research 
question becomes, “Will ∆E*ab and ∆E00 tolerances for CMYK solids specified in 
the ISO 12647-2 (2013) yield the same %Pass by color when analyzing a printing 
database?”  
If not, the follow-up research questions may include the following: 
“What is the relationship between %Pass and tolerance in ∆E*ab and 
∆E00?” 
“What is the tolerance pair that yield equal %Pass and 
their %Agreement?” 
“What is the relationship between ∆E*ab and ∆E00 having equal %Pass?” 
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“What are the ∆E00 tolerances that would yield equivalent %Pass to 5 
∆E*ab by color?” 
 
Chapter 5 
Methodology 
 
The research was based on a quantitative analysis of a database 
designed to determine tolerance equivalency between ∆E*ab and ∆E00 metrics.  
 
Printing Database 
In order to determine which ∆E00 tolerances are most compatible with 
∆E*ab tolerances, this research will use the existing PSO (Print Standard Offset) 
database. The PSO database, courtesy of Fogra, contains 185 jobs and 10 
samples for each job with a common file structure. The PSO database includes 
CIELAB values of aim points and measurement of the OK sheets for CMYK 
solids. Here, an offset lithographic printing aim for CMYK solids as a quantitative 
value is defined in ISO 12647-2, an international standard for offset lithographic 
processes. In addition, the PSO database is filtered—most failed jobs were 
excluded. 
 
Procedure 
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 There are two parts in the section of Procedure: (1) the initial research 
Question, and (2) extended research questions.  
 
The Initial Research Question 
 The first part in the research was to determine whether ∆E*ab and ∆E00 
tolerances for CMYK solids specified in the ISO 12647-2 (2013) yield the 
same %Pass. A flowchart describing whether ISO 12647-2 (2013) yielded the 
same %Pass is shown below, and a detailed description of each step in this 
flowchart is provided in the paragraphs which follow it. 
2. Calculate ∆Eab and ∆E00
4. Compute %pass of all 
jobs at specified tolerance
3. Compare with ISO 
12647-2 tolerances  and 
determine pass or fail
0. CMYK database 
(n=185)
1. Determine CIELAB of OK 
sheets and aims
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Figure 4. Flowchart for the Initial Research 
 
 As shown in Figure 4, the first step was to determine the CIELAB of the 
OK sheet, for each of the 185 jobs, and to summarize the uncertainties in relation 
to measurements of different locations (left, center, and right) and instrument 
types. (The Fogra PSO database includes instrumentation from Gretag, 
Techkon, and X-Rite instruments.) Each OK sheet contains a three-by-three 
chart, which includes the three locations of the targets, the three different 
measurement times, and the three different instruments used for measurement. 
In order to minimize the various measurement errors, the researcher calculated 
the average CIELAB values across the three different locations and three 
different instruments for the OK sheets from all 185 jobs. These averages and 
the printing aims values for CMYK were then entered into a new Excel file.  
The second step in this research was to use the Fogra PSO database to 
assess deviation between the reference and the OK sheet in terms of ∆E*ab and 
∆E00 for each job. Thus, ∆E*ab and ∆E00 values between the OK sheet and the 
printing aims for all 185 jobs were calculated.  
The next step for each job was to determine if a job passes or fails the 
deviation requirements. According to ISO 12647-2 (2014), CIELAB ∆E*ab 
deviation tolerances for CMYK solids may be no more than five. The ∆E00 
deviation tolerances for CMYK solids are 3.5, 3.5, 3.5, and 5, respectively. If the 
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∆E*ab or the ∆E00 values of a job between the OK sheet and the printing aim were 
larger than the tolerance value, the job failed to meet the variation requirements.  
The fourth step was to calculate %Pass values of all 185 jobs by color and 
by specified tolerances, according to ISO 12647-2 (2013). 
 
Extended Research Questions 
After answering the initial research question, the research questions would 
be extended once ∆E*ab and ∆E00 tolerances for CMYK solids specified in the 
ISO 12647-2 (2013) did not yield the same %Pass by color in the previous part of 
the initial research question. A new approach was provided to answer the follow-
up research questions. The following methodology could be used to determine 
∆E00 tolerances that were equivalent to 5 ∆E*ab tolerances for CMYK solids 
according ISO 12647-2 (2013) in the research. Importantly, the following 
methodology could also utilized even when ∆E*ab and ∆E00 are two unknown 
parameters. In other words, tolerance values for ∆E*ab and ∆E00 could be 
converted and determined using the same %Pass and %Agreement between a 
metrics pair using the following method.  
Figure 5 illustrated the flowchart for the methodology, and the following 
paragraphs describe the procedure used for the extended research questions in 
this research. 
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Figure 5. Flowchart for Extended Research Questions 
 
As presented in Figure 5, the next step after the part of the initial research 
question was to calculate %Pass of all 185 jobs at specified tolerance values for 
∆E*ab and ∆E00, ranging from 1.0 to 5.0. In order to accomplish this task, a 
2. Calculate ∆Eab and 
∆E00
5. Compute %pass of all 
jobs at a specified tolerance
6. Determine ∆Eab and ∆E00 
combination that yield equal 
%pass
3. Compare with tolerances 
and determine pass or fail
4. Increment 
Tolerance
0. CMYK database 
(n=185)
1. Determine CIELAB of 
OK sheets and aims
7. Compute %agreement at 
a ∆Eab and ∆E00 
combination
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unique calculator was built in Excel. Then, the following step was to determine 
∆E*ab and ∆E00 combination that yielded the equal %Pass. After 
this, %Agreement values at a ∆E*ab and ∆E00 combination that yielded the 
equal %Pass were computed. Finally, the tolerance equivalency between ∆E*ab 
and ∆E00 tolerances for all CMYK solids could be concluded using the 
same %Pass and the %Agreement values.   
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Chapter 6 
Results 
 
 The goal of this research was to determine the tolerance equivalency 
between ∆E*ab and ∆E00. In order to reach this goal, the researcher determined 
whether the 185 jobs in the Fogra PSO database passed or failed the tolerances 
for CMYK solids using both ∆E*ab and ∆E00 metrics, and computed the %Pass 
according to ISO 12647-2. The research findings are detailed below.  
 
Research Question - Did ISO 12647-2 (2013) yield the same %Pass? 
 The first research objective was to evaluate %Pass and %Agreement of 
CMYK solids using the ISO 12647-2 (2013) ∆E*ab and ∆E00 tolerances with a 
printing database. This answered the research question: “Will ∆E*ab and ∆E00 
tolerances for CMYK solids specified in the ISO 12647-2 (2013) yield the 
same %Pass by color when analyzing a printing database?” An example of the 
Excel spreadsheet for magenta is shown in Table 4.  
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Table 4. An Example of the Spreadsheet for Initial Research’s Methodology (Magenta) 
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In order to answer the initial research question, the procedure could be 
described in detail according to Table 4. There are 185 jobs for all CMYK solids 
in the Fogra PSO database (0). The first step was to determine CIELAB values of 
the OK sheets for all 185 jobs for magenta (1a) and the CIELAB values of the 
printing aims (1b). The following step was to calculate ∆E*ab values between the 
OK sheets and the printing aims (2a) and ∆E00 values between the OK sheets 
and the printing aims (2b). After comparing with ISO 12647-2 tolerances (3a), 
pass or fail could be determined (3b). In the two columns labeled “Tol (0/1)”, 0 
represents a passing jobs and 1 represents a failing job. Lastly, %Pass of all jobs 
at specified tolerance could be computed (4). Using the Excel spreadsheet, the 
results using ISO 12647-2 (2013) specified tolerances are shown in Table 5.  
Table 5: ISO 12647-2 (2014) specified tolerances and corresponding %Pass 
 
The high %Pass indicated that the database contained little or no 
nonconforming jobs. The %Pass values between ∆E*ab and ∆E00 tolerances were 
close, but not identical for CMYK solids, with greater differences for yellow and 
black solids. The %Pass for yellow solids was 96.2% at 5 ∆E*ab, but was 100% at 
3.5 ∆E00. The %Pass for black solids was 95.7% at 5 ∆E*ab, but was 100% at 5 
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∆E00. Therefore, ∆E00 tolerance values that would yield the same %Pass as the 5 
∆E*ab tolerances needed to be determined.  
With the results above, the %Pass for CMYK and K in Table 5 are 
illustrated graphically in Figure 6.  
Figure 6: ∆E*ab vs. ∆E00 for CMYK solids 
 
 As seen in Figure 6, there are A, B, C, and D four regions in each graph 
for CMYK solids. A, B, C and D are deviation quantities of the two different 
tolerance metrics in the database. The values for %Pass and %Agreement could 
be computed by calculating the number of jobs located in the A, B, C and D 
regions. Figure 6 illustrates that most jobs were distributed in the lower left corner 
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(region A) for all CMYK solids, which indicates a high %Pass for both ∆E*ab and 
∆E00 metrics. (The reason for this was that the Fogra PSO database was filtered 
and contained little or no nonconforming jobs.) Therefore, to determine ∆E00 
tolerances that are equivalent to 5 ∆E*ab, the method of prediction using the trend 
line between ∆E*ab and ∆E00 curves was better than calculating the same %Pass 
with 5 ∆E*ab directly based on the fact that the Fogra PSO database is a filtered 
database.     
 
Extended Research Questions 
Since the corresponding ∆E00 tolerance values were not equivalent to the 
5 ∆E*ab tolerances according to ISO 12647-2 (2013), the research objective was 
extended to determine the tolerance equivalency between ∆E00 and ∆E*ab 
tolerances. The extended research objective is proposed by the follow-up 
research questions. To answer the follow-up research questions, a unique 
calculator was built in Excel. An example of the Excel spreadsheet for magenta is 
presented in Table 6.  
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Table 6. An Example of the Excel spreadsheet for Extended Research (Magenta) 
 
 Based on the result of the initial research question, the procedure of the 
research was extended. As seen in Table 6, pass or fail could be concluded by 
comparing ∆E*ab and ∆E00 values between the OK sheets and the printing aims 
with the tolerances values for ∆E*ab and ∆E00 (3a and 3b).  Then, the tolerance 
values varied from one to five (4). Upon entering a new tolerance value, the 
results of the pass or fail analysis and the %Pass values would be calculated 
automatically (5). The follow step was to determine ∆E*ab and ∆E00 combination 
that yielded the equal %Pass (6). After this, the last step was to 
compute %Agreement values at a ∆E*ab and ∆E00 combination (7). Using the 
unique calculator in the Excel spreadsheet, the following extended research 
questions could be answered. 
 
What is the relationship between %Pass and tolerance?  
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Calculating the %Pass values of all 185 jobs for each color in the 
database at varying tolerances allowed these values to be plotted against each 
other (see Figure 7). 
   
 
 Figure 7: %Pass as a Function of Tolerance (∆E*ab & ∆E00) 1 
 
Tolerances for CMYK solids increased along with %Pass values when 
using both ∆E*ab and ∆E00 metrics. However, there were different ∆E*ab and ∆E00 
tolerance values under the same %Pass for each solid color. The magnitude of 
                                                        
1 The dotted lines represent the %Pass of ∆E00 as a function of tolerance, while solid lines 
represent the %Pass of ∆E*ab as a function of tolerance. 
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∆E*ab was larger than the magnitude of ∆E00 at the same %Pass value for all 
CMYK solids. (This may be due to the nearly 100% pass rate, as there were few 
failed jobs in the database.) Thus, it was difficult to predict the ∆E00 tolerance that 
was equivalent to ∆E*ab tolerance and yielded the same %Pass by color 
according to ISO 12647-2 (2013) directly. However, the trend line between the 
∆E*ab and ∆E00 curves made it possible to predict the ∆E00 tolerance that would 
be equivalent to the ∆E*ab tolerance. 
 
What is the tolerance pair that yielded equal %Pass? 
 According to Figure 7, ∆E00 that yielded the same %Pass with a given 
∆E*ab tolerance for each color could be determined (see Figure 8).  
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Figure 8. Determine ∆E00 tolerances that would yield the same %Pass with ∆E*ab 
 
As shown in Figure 8, the metric pairs between ∆E*ab and ∆E00 at 
equal %Pass for all CMYK solids were determined. For instance, a ∆E*ab 
tolerance value of 3.0 was equivalent to a %Pass of 77% for cyan solids. At the 
same %Pass value, the tolerance value for ∆E00 was 2.3. For black solids, 3.4 
∆E00 was equivalent to 3.0 ∆E*ab at the %Pass of 69%.  
 
What is the relationship between ∆E*ab and ∆E00 having equal %Pass? 
 The methodology described in previous step was used to find the pairs for 
each %Pass, which were then plotted (see Figure 9). Trend lines were then 
calculated. 
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Figure 9. ∆E*ab vs. ∆E00 yielding equal %Pass of CMYK solids 
 
As described by Montgomery, Peck, and Vining (2006), 𝑅2 is the 
coefficient of determination. The 𝑅2 value is often called the proportion of 
variation (p. 35). Higher 𝑅2 values describe a more convincing linear model. As 
shown in Table 7, the 𝑅2 values of the trend lines were all close to 1.0, which 
indicated that the models in Figure 9 were convincing.  
 36 
Table 7. 𝑅2 values for CMYK solids 
 
 
Thus, the ∆E00 tolerance that was equivalent to the 5 ∆E*ab tolerance could 
be calculated using the linear regressions for CMYK solids in Figure 9. 
 
What are ∆E00 tolerances that yielded equal %Pass to ∆E*ab? 
 With the calculated linear relationships between ∆E*ab and ∆E00, ∆E00 
tolerances that yielded equivalent %Pass with ∆E*ab tolerances for CMYK solids 
were able to be determined (see Table 8). 
Table 8. ∆E00 tolerances equivalent to 5 ∆E*ab tolerances 
ISO 12647-
2 
C M Y K 
∆E*ab 5 
%Pass 99.5 97.8 96.2 95.7 
∆E00 3.5 5 
%Pass 96.8 98.4 100 100 
 
 As defined in ISO 12647-2 (2013), ∆E*ab tolerances for CMYK are all five. 
The ∆E00 tolerances that were equivalent to 5 ∆E*ab for printed CMYK solids were 
calculated as 4.1, 3.2, 2.4, and 3.8, respectively. The %Pass values for CMYK 
solids were 98.9%, 97.8%, 95.7%, and 96.2%, respectively. Results indicated an 
improvement versus ISO 12647-2 (2013) in ∆E00 tolerance values as defined 
by %Pass and %Agreement.  
 
Discussion 
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In summary, Figure 7 indicated that %Pass was proportional to tolerance; 
then, by analyzing the Fogra PSO database with the use of the proposed 
pass/fail calculator, the ∆E00 tolerances that were equivalent to the 5 ∆E*ab 
tolerances and yielding the same %Pass were able to be determined. The results 
of this method differed from the ∆E00 tolerances given in ISO 12647-2 (2013), as 
shown in Table 9.  
Table 9. ISO 12647-2 (2013) vs. Proposed Method 
 C M Y K 
ISO 12647-2 ∆E*ab 5 
ISO 12647-2 ∆E00 3.5 5 
Proposed method ∆E00 4.1 3.2 2.4 3.8 
 
The ∆E00 tolerances influence the %Pass and the %Agreement of a job 
directly, which means that the differences in tolerance values between the two 
methods are important. The ∆E00 tolerances for yellow and magenta from the 
proposed method were lower than ISO 12647-2 (2013), while the ∆E00 tolerance 
for cyan was larger than ISO. If the ∆E00 tolerance for cyan solids (the highest 
value at 4.1) was used to evaluate jobs, then all yellow jobs would pass. If the 
∆E00 tolerance for yellow solids (the lowest value at 2.5) was used to evaluate 
jobs, then nearly half of the cyan jobs would fail. Thus, ∆E*00 tolerances for C, M, 
and Y solids should not use the same value. Additionally, the ∆E*00 tolerance for 
black from the proposed method was smaller than ISO 12647-2 (2013), 
indicating that fewer black jobs would pass under the proposed method. A 
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comparison of the %Pass and %Agreement between the tolerances under the 
two methods is shown in Figure 10. 
Figure 10. ∆E*ab vs. ∆E00 (ISO vs. Proposed Method)
 2 
 
As shown in Figure 10, there was equal %Pass and higher %Agreement 
at a ∆E*ab and ∆E00 pair with an equal %Pass value using the proposed method 
for CMYK solids. Additionally, ∆E00 tolerances for CMY could not be unified 
because of large differences among ∆E00 tolerances for CMY. The ∆E00 tolerance 
                                                        
2 Solid lines represent tolerances using the proposed method, and dotted lines represent 
tolerances using the ISO 12647-2 (2013) method. 
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for black from ISO 12647-2 was also relatively generous, whereas the proposed 
method was stricter. 
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Chapter 7 
Conclusions 
  
This research aimed to determine tolerance equivalency between ∆E*ab 
and ∆E00 metrics based on ISO 12647-2 (2013). A review of the literature 
indicated that ∆E00 is increasingly used because it has a better visual difference 
than ∆E*ab, and that there is no mathematic equivalency between ∆E*ab and 
∆E00. However, the use of %Pass and %Agreement within a database could 
provide a solution for this problem.  
 
%Pass by ISO 12647-2 specified ∆E00 and ∆E*ab tolerance 
Using the Fogra PSO database and the ∆E*ab and ∆E00 tolerances 
specified in ISO 12647-2 (2013), a spreadsheet was created to determine 
the %Pass by color, with the following results:  
1. There were unequal %Pass values among CMYK solids according to 
ISO 12647-2 (2013). 
2. The %Pass values were very high due to the filtering of the database. 
 
∆E00 tolerances that are equivalent to 5 ∆E*ab tolerances 
 In order to find the ∆E00 tolerances that would yield the same %Pass as 5 
∆E*ab, the methodology was extended. Significant findings include: 
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1. There were different ∆E00 tolerance values between the proposed 
method and ISO 12647-2 (2013), especially for black and yellow which 
yielded different %Pass values.  
2. This research recommends the use of 4.1, 3.2, 2.4, and 3.8 ∆E00 for 
CMYK solid tolerances as opposed to 3.5 ∆E00 for CMY solids and 5 
∆E00 for black solids as given in ISO 12647-2 (2013). 
3. Optimized ∆E00 tolerances for CMY solids cannot be uniform. If we 
specify the same tolerance values for CMYK solids under both metrics, 
the %Pass values could be unequal. However, if we specify the 
equivalent tolerances between the two metrics with the method used in 
this research, equal %Pass values can be expected.  
4. Tolerance is a man-made decision. The methodology in this research 
could be utilized when ∆E*ab and ∆E00 are two unknown parameters. 
 
Further research 
In this research, the %Pass values were very high, which is due to the fact 
that the Fogra PSO database does not contain non-conforming jobs. It is 
recommended that a larger database, including non-conforming jobs, be used to 
to determine ∆E00 tolerances of CMYK solids that yield equal %Pass values to 5 
∆E*ab. 
Moreover, instead of metric conversion, further research could take 
assessment method of production variation into considered.  One of suggested 
 42 
areas is to apply the average of sampled sheets to replace the OK sheets as the 
references. Current ISO 12647-2 specifies only within-run variation with the use 
of an OK sheet. However, there is no assessment of between-run variation with 
the use of an OK sheet. For a more complete analysis of printing variation, the 
variation among multiple press runs needs to be given consideration, along with 
the within-run variation. Consequently, the OK sheet should not be the best 
reference. An alternative approach to ascertain quality would be to use the 
average of many sampled sheets as the reference because the average is closer 
to the “theoretical center” than is any other sheet. 
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Appendix B 
Spreadsheet for Magenta Solids 
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Appendix C 
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Appendix D 
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